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Abstract :

The methodology of predicting pile shaft skin ultimate friction has been studied in a systematic way. In the light

of that, the analysis of the pile shaft resistance for bored and cast-in-situ piles in cohesive soils was carried out thoroughly in

the basis of field performance data of 10 fully instrumented large diameter bored piles (LDBPs) used as the bridge foundation.

The undrained strength index g in term of cohesive soils was brought forward in allusion to the cohesive soils in the

consistence-plastic state, and can effectively combine the friction angle and the cohesion of cohesive soils in undrained

condition. And that the classical “a method” was modified much in effect to predict the pile shaft skin friction of LDBPs in

cohesive soils. Furthermore, the approach of standard penetration test (SPT) N value used to estimate the pile shaft skin

ultimate friction was analyzed, and the calculating formulae were established for LDBPs in clay and silt-clay respectively.
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For the prediction of the axial pile bearing
capacity, there are many approaches. Each method has
its benefits and drawbacks and none is universally
accepted. The methodologies to estimate the axial load
capacity are generally grouped into three broad
categories: full-scale load tests, the static approaches
and the dynamic methods. A relative more reliable
design will be attained based on the results from the
full-scale static load tests. However, the load tests are
costly and time consuming. Based on pile driving
dynamics, the procedures in the dynamic method make
use of the pile-ground dynamic interaction model and
apply the stress-wave matching techniques. In this
group, it is the most difficult that how the soil-pile
interaction model is defined effectively by empirical
method.

The other approaches to the calculation of the
ultimate load capacity of a single piles, known as the
“static”  approach,  which uses the normal
soil-mechanics method to calculate the load capacity on
the basis of measured soil properties obtained from
laboratory or in-situ tests, will be discussed in this
paper. In attempt to summarize and compare the
various predicting methods in the static methods, one
faced with the vast spectrum of methods and
approaches. In general, the methods can be subdivided
into three Ca‘[egories[li :

1) Design by tables, based on soil classification
data;

2) Design by static bearing capacity formulae,

using basic soil parameters;
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large diameter bored piles, pile shaft skin friction, blow count of standard penetration test

3) Design by semi-empirical correlations between

the soil test and the pile behavior.
1 Design on Basis of Laboratory Test Data

For piles in cohesive soils, the undrained load
capacity is generally taken to be the critical value
highly

Based on the undrained conditions

unless the cohesive soils are

soildated™ .

generally prevailing in the soil near the pile shaft, the

overcon-

a-method is usually taken to calculate the bearing
capacity of a single pile in cohesive soils. If the soils is
saturated, the undrained friction angle ¢, of that is
zero, and the friction angle @, between pile and soil
may also be taken as zero, so that the pile shaft
resistance f, can be evaluated as

fo= ¢, = a-c, (1)
where a is adhesoin factor, « = 0.35-0.80 and f, <
80 kPa in general; ¢, is undrained cohesion of clay; c,
is undrained pile-soil adhesion.

It is very clear that the adhesoin factor a is the
key part in Eq. (1) used to predict the bearing capacity
for single pile in clay. In the strength range of interest,

Tomlinson’ s relation (2) for @ can be expressed as’

Cll
a = 1.0+0.5(5—0_0.5) (2)

The typical relationship between a and ¢

based
on the summary provided by McClleland®', are shown

u?’

that the value of c, decreases with the value of c,
increasing, and the lower limit of @ = 0.35 for the

value of ¢, > 200 kPa. It is generally agreed that for
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soft clays(c, < 24 kPa), the value of « = 1.0 (or even

greater) .
2 Design on Basis of In-Situ Test Data
In-situ soil tests such as CPT, PMT, and SPT are

widely used in various countries to predict the axial
and that have

attracted many researchers over decades resulting in

bearing capacity of a single pile,

different solutions, known as one category of the static
approaches in term of data from field tests. In Tab.1,
a schematic list of the in-situ tests commonly used in
pile design is given.

Tab.1

Common investigation methods

Overview of field explorations used in piles

Acronym Remarks

Static cone penetrometer testing CPT/CPTU  Extensive

Pr ter Llest PMI(MPM, Fr tl
ressuremeler tes SBP. PIP) requently
Vane In soft soils only
Dilatometer test DMT In the midst of research
Geophysical tests SASW, Rare exception, but be of
cophiysicar fests CH significant

The semi-empirical approaches, starting from
these in-situ tests, involves three categories. The first
approach is in particular followed the CPT, which by
itselfl measures separately point resistance and pile
shaft friction for a “small diameter steel pile of
displacement type”. The methodology based on the
field explorations as a direct model, is dominating in
Belgium and the Netherlands, and also widely used in
other countries such as France, Italy, Poland and
China, etc. The second method considers the field
explorations in direct correlation with the pile’s
behavior, e.g. standard penetration test data and
pressuremeter test data. The correlation might be
founded on theoretical and analytical consideration
such as cavity expansion model for both PMT probe and
driven piles. In practice, however, the correlation is
mostly expressed as simple empirical formulae by
database regress. In the third approach, in-situ tests
data only serve as a basis for deduction of other
parameters in pile design to allow the use of design
methods based on these alternative indexes.

In practice, the methodology in accordance with
categories the first and the second is rather similar in
various countries, and can be generally summarized in
the following formulae for total ultimate pile resistance
Q., the unit shaft skin friction f, and the unit end

bearing resistance ¢, .

Q.=0,+0, = Zfsi A+ Ay g (3)

where

¢ = a, * q.(or p,or N,) (4)

fa = ac" F(or g, or p; or N;) (5)
where «, and «, are empirical factors taking account of
the pile installation, the soil type and the nature, and
roughness of pile shaft’s material; ¢, is the special
penetration resistance from the CPT; F_ is the CPT total
side friction increment on the CPT rod; NV is the SPT
blow count; p, is the resistance increment from the

PMT.

3 Determination of Pile Shaft Resistance
for LDBPs in Cohesive Soils

On the basis of the subjects” , the performance of
LDBPs in cohesive soils, used as deep foundation of
heavy bridge structures, has been researched in a
systematic way. The shaft skin resistance was
investigated based on the database of 10 vertical static
loaded tests, in which the LDBPs of a diameter 1.0 m,
generally varying from 37 to 45 m in shaft length, had
been instrumented with steel bar sensors in advance,
and, therefore, the inner stress along the pile shaft
could be tested during loading procedure. The piles
were bored in layered soils, and the geotechnical
profiles were characterised by cohesion soils, rare
exceptionaly which were separated by silty sands and in
general varies slightly in differ history cases of the
freeway projects. The pile shaft skin resistance for the
pile” in cohesive soils from static load tests of

instrumented pile are shown in Tab.2 and Tab.3.
3.1 The a-method modified

The a-method is mostly taken to estimate the pile
shaft skin resistance for a single pile in cohesive soils.
Of course, this procedure is suitable for LDBPs in soils
as well. In the cases of the freeway projects, the
deposit upon bedrock involves primarily clays and
silt-clays, in general, which naturally exists in plastic
state. The field

investigation has founded clearly that the values of ¢,

state  or consistence-plastic
are not zero commonly for clays and silt-clays in the
cases (see Tab.2 and Tab.3), but rare layers of
saturated soft silt-clay, as the only exception to that,
and their values of ¢, approach zero. The values of ¢,
for certain silt clays(shown in Tab.3) achieve the high

value so much as prevailing in the soils strength rela-

* Special testing report of the bearing capacity and the inner stress
for LDBPs used in bridge foundations for the Xiyi freeway(Feb
2001, Southeast University) ; Special testing report of the bearing
capacity and the inner stress for LDBPs used in bridge foundations

for the Xichen freeway(April 1997, Southeast University) .
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Tab.2 Shaft resistance f, for pile in clay
f./kPa @u/(®) ¢./kPa @ SPT-N f./kPa 0/ (®) ¢,/kPa P SPT-N
53.36 11.0 91.5 28.37 15.1 72.00 11.4 65.0 38.5 11.7
71.67 11.4 65.0 24.17 11.7 82.00 16.1 65.3 38.5 10.8
81.25 16.1 65.3 27.59 10.8 80.00 11.8 53.0 43.0 14.0
65.21 10.6 53.0 21.37 15.9 57.00 10.6 53.0 38.5 15.9
49.34 10.6 53.0 21.37 15.9 92.00 15.2 37.0 47.0 14.2
79.86 11.8 53.0 22.06 14.0 41.00 14.8 30.0 38.5 5.9
91.78 12.6 78.0 28.89 13.0 92.00 12.6 87.0 43.0 13.0
53.48 14.0 44.0 21.38 14.2 63.00 11.0 91.5 40.8 10.9
84.40 15.2 37.0 20.25 11.7 53.00 14.0 44.0 43.0 14.0
Tab.3 Shaft resistance f, for pile in silt-clay

f./kPa @,/ (°) c./kPa “ SPT-N /./kPa 0./ (°) ¢,/kPa P SPT-N
35.44 8.5 15.0 10.76 4.7 81.89 25.8 12.0 16.22 14.1
41.25 19.5 10.0 11.99 4.4 35.53 5.0 16.6 10.38 3.2
48.07 19.5 10.0 11.99 4.0 59.11 13.9 25.0 16.06 1
39.95 19.5 10.0 11.99 3.6 53.48 14.8 25.8 16.72 0
44 .91 2.5 20.4 10.84 2.9 81.03 19.8 35.4 22.80 11.5
95.90 15.0 34.2 19.38 11.0 92.26 19.8 35.4 22.80 11.0
85.31 15.0 34.2 19.38 11.0 76.45 10.9 28.0 15.65 7.0
72.24 15.0 34.2 19.38 11.0 65.58 20.6 35.1 23.22 11.6
75.29 13.0 51.0 22.36 9.2 83.00 13.0 51.0 22.36 8.7
88.10 13.0 51.0 22.36 9.5 35.00 5.0 16.6 10.38 3.2
86.97 13.0 51.0 22.36 10.0 65.00 23.2 22.0 20.06 10.2
83.66 5.5 42.5 16.81 5.9 42.00 2.5 20.4 10.84 3.0
77.53 13.3 41.3 20.32 9.4 78.00 13.3 41.3 20.32 0
103.80 13.3 41.3 20.32 .9 59.00 13.9 25.0 16.06 .0
118.99 16.4 55.9 25.79 13.2 87.00 19.8 35.4 22.80 11.0
124.32 16.4 55.9 25.79 13.2 64.00 11.1 32.0 16.82 5.0
96.10 16.4 55.9 25.79 13.2 53.00 14.8 25.8 16.72 7.0
70.58 16.4 55.9 25.79 13.2 101.00 16.4 55.9 25.79 13.2
64.46 23.2 22.0 20.06 11.1 89.00 15.0 34.2 19.38 11.0
64.33 11.1 32.0 16.82 5.5 66.0 20.6 35.1 23.22 11.6
41.00 19.5 10.0 11.99 4.2

tively. Accordingly it is irrational that the pile shaft
skin friction f, is derived from the unique ¢,. The
a-method modified to coupling the ¢, and ¢, for piles
in cohesive soils was given by

fo=an
= [cutan(45° + %)]

(6)
(7a)

0.5

7
0.5
n o= {cu[ e" " tan2(45° + %) - 1] tan”' gou} (7b)

where p is a composite parameter, called as undrained
strength index.
The undrained strength index g in term of

cohesive soils combines its ¢, and ¢,. For calculating

1, Eq.(7a) was established in term of the unconfined
compression strength, and Eq. (7b) was constituted in
the light of the classical plasticity solution for the
bearing capacity of surface footing established by
Prandlt™ .
static loaded tests, the a-method modified has been
established to predict f, for LDBPs in cohesive soils,

On the database result from 10 vertical

and the results derived from that are shown in Tab.4.
Tab.4 gives a summary of the adhesion factors «
for both the clay and the silt-clay in the cases, as well
as the statistical characteristics of a. Now that the coe-
fficient of variation derived in Eq. (7b) is much less

than that in Eq.(7a), Eq.(7b) is more recommendable

Tab.4 Summary of the value of « in term of p

Eq.(7a) Eq. (7b)
Soil classification Number of specimens Adhesion factor Coefficient Adhesion factor Coefficient
a of variation a of variation
Clay 18 8.32 0.515 2.98 0.159
Silt-clay 42 11.39 0.520 3.96 0.223
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in relative and adopted indeed in this paper.
Moreover, the a was founded to be approximate
horizontal linear function of the index g in term of Eq.
(7b), and the correlation has been plotted in Fig. 1
and Fig.2 for clays and silt clays, respectively. The
value of a decreases slightly with the g increasing,
and the value of it proposed for applying in practice are
shown in Tab.5.
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Fig.1 The adhesion factor as a function of the
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Fig.2 The adhesion factor as a function of

the undrained strength index of silt-clays

Tab.5 The value of @ in term of p

Classification Clay Silt-clay
Range 2.0-4.0 3.0-5.0
Mean 3.0 4.0

For pu, known as a composite parameter for
cohesive soils, coupling ¢, with ¢, effectively, the
modified approach in that the pile shaft resistance,
especially while a pile in cohesive soils in which the ¢,
prevails over ¢, is derived from the index p is much

more rational than the classical a-method.

3.2 Correlation of SPT blow count N with pile
shaft resistance

For piles in cohesive soils, the methodology that
the pile shaft resistance is derived from field tests
(CPT, PMT) is of great significant and has been

studied as a subject worthy of many researchers over

decades. The SPT is one simple situ exploration
method which has been commonly used in granular

HH and, however, up to date this method has

soils
already been utilized to study the behaviour of pile in
cohesive soils”"* . The correlation of SPT blow count N
with f, has been derived from the database of 10
vertical static loaded tests for LDBPs in the cases.
Tab.6 Shaft resistance in cohesive soils predicted by SPT

Eq.(8)

Classification ~ Specimens Coefficient of Coefficient of
regression a, variation V,,

Clay 18 5.56 0.409

Silt clay 42 7.38 1.227

Tab.7 Shaft resistance in silt-clays predicted by SPT

Ttem Specimens Blow 001.11.1t B/lnw C(Tl{nt

N unmodified N’ modified
Coefficient ¢, 36.25 31.89
Coefficient ¢, 42 3.16 4.72
Standard deviation ¢ 5.57 6.16

Tab.6 shows that the approach by which f, is
derived from the simple Eq. (8) is of enough accurate
for piles in clay, and, however, that of not for piles in
silt-clays(see Tab.6). Eq. (8) for piles in clays is
given as

f. = a,N = 5.56N (8)

Therefore it is a comparatively simple step from
Eq.(8) to Eq. (9), which is founded to predict f, for
piles in silt-clays very effectively, and besides, Tab.7
proves that the value of f, derived from SPT N value
more accurate in contrast with the SPT N’ value
modified with length of the drill pipe. So that the
empirical formula for piles in silt clays can be
expressed in term of N as

fo = ¢ +¢,N =36.25+3.16N (9)

The distribution of f, by SPT N value is shown in
Fig.3 and similarly the relationship between f, and the

modified SPT N’ value can be plotted in Fig.4 as well.
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Fig.3 The pile shaft skin friction as a function of
the SPT count N
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Fig.4 The pile shaft skin friction as a function
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4 Conclusions

In this study, an attempt has been made to predict
the shaft resistance for the LDBPs in cohesive soils in
this formation using the modified a-method and an
In the
process of analysis based on the database of the case

empirical approach in term of SPT N value.

histories in the previous paragraphs, the following
conclusions are drawn:

1) The undrained strength index g (see Eq.
(7b) ) constituted in this paper to coupling ¢, with ¢,
can be much effectively used in the a-method to predict
the shaft resistance for piles in cohesive soils,
particularly which exists in a consistence-plastic state
or more consistence state.

2) The correlation of pile shaft resistance with the
SPT N (see Eq. (8) and Eq. (9))derived from
estimation of the shaft resistance of the piles in

cohesive soils is of great significant in practice and of

the value referenced in future.
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